Abs tract. Plasma fibronectin was depleted within 15 min following sublethal burn, followed by partial recovery at 8 h and complete restoration by 24 h in anesthetized rats. Radiolabeled 7Se-plasma fibronectin, injected intravenously before burn, was rapidly sequestered in burn skin as well as the liver. Fibronectin levels at 2 h postburn as detected by immunoassay vs. 7"Seplasma fibronectin indicated that more fibronectin was in the plasma than detected by electroimmunoassay. Crossed September 1983. plasma had an apparent molecular weight -40% greater than that observed in normal plasma. These data suggest the release into the blood of a gelatinlike ligand from burned skin, which complexes with plasma fibronectin. Thus, fibronectin deficiency acutely postburn appears mediated by (a) its accumulation at the site ofburn injury; (b) its removal from the circulation by the liver; and (c) its presence in the plasma in a form that is less detectable by immunoassay.
Introduction
Plasma fibronectin is a 440-kD glycoprotein with an affinity for collagen, fibrin, Clq, actin, heparin, as well as sites of tissue injury (1) (2) (3) (4) . It becomes incorporated into the fibrin clot during coagulation; it is sequestered extravascularly at sites of tissue injury; and is believed to facilitate wound healing by promoting cell-cell interaction and cell attachment to a substratum (3, (5) (6) (7) (8) . Plasma fibronectin can be incorporated into basement membranes and the extravascular matrices of many cells and may serve as a reservoir for the fibronectin found in tissues (6, 9, 10) . Plasma fibronectin is identical to cold-insoluble globulin or opsonic a-2-surface binding (SB) glycoprotein, which is believed to augment macrophage clearance of nonbacterial particulates (1, 3) . Burn-induced alterations in circulating plasma fibronectin may alter opsonic activity and phagocytic removal of products of tissue injury.
Early following burn, immunoreactive plasma fibronectin concentration is reduced in association with decreased reticuloendothelial system (RES)' phagocytic activity and impaired plasma opsonic activity (I 1-14) . Documentation of plasma fibronectin deficiency following thermal injury has primarily relied upon immunologic techniques. Recently, it has been shown normal plasma reduces the apparent plasma fibronectin concentration as measured by electroimmunoassay (15) . Similarly, the in vitro or in vivo addition of gelatin or actin to normal plasma depresses the in vitro opsonic activity (15, 16) . Thus, it has been suggested that the presence of collagen or collagenous debris in the blood early following injury may contribute to immunoreactive fibronectin and bioassayable opsonic deficiencies. Although numerous studies have documented opsonic deficiency and diminished plasma fibronectin early after burn, the etiology of this acute fibronectin deficiency has not been delineated.
The present study was designed to investigate the mechanisms of plasma fibronectin deficiency following acute, sublethal burn injury in anesthetized rats. Accordingly, dual isotopic experiments with 75Se-plasma fibronectin and '25I-albumin were used. Emphasis was placed on plasma fibronectin localization at the site of thermal injury; accumulation of plasma fibronectin in the liver and spleen, which are rich in RES cells; and the nature of the plasma fibronectin molecule that continues to circulate shortly after burn trauma.
Methods

Sublethal burn model
Healthy male Sprague-Dawley rats weighing 250-300 g were used in all studies. Under ether anesthesia, they received a sublethal 20% body surface area burn by 3-s exposure of the shaved dorsal skin to 90'C water. Control nonburned rats were anesthetized and exposed to 20'C water for 3 s. The rats rapidly recovered and were allowed food and water ad lib. throughout the experimental period. Histologic examination revealed a second degree, partial thickness burn with no apparent involvement of the underlying striated muscle.
Immunoelectrophoretic assays
Plasma was obtained from blood anticoagulated with 7 .5% EDTA and supplemented with 3 mM of the antiprotease benzamidine to prevent proteolysis of plasma constituents. All assays were corrected for dilution by the anticoagulant. Antiserum specific for rat albumin was purchased commercially (Cappel Laboratories, Cochranville, PA), while monospecific antiserum to rat plasma fibronectin was developed in rabbits as previously described (17) . Purified rat albumin and rat plasma fibronectin served as standards for the electroimmunoassay techniques as described by Laurell (18) and previously used by Blumenstock et al. (17) for quantification of plasma fibronectin in rats. Electroimmunoassay and crossed immunoelectrophoresis (19) were conducted in 1% ME agarose (Seakem, FMC Corp., Rockland, ME) using a 0.1 M Tris buffer (pH 8.5) containing 0.50 mM Ca lactate and 0.02% Na azide.
Isotopically labeled plasma fibronectin and albumin Plasma fibronectin was metabolically labeled with the amino acid analogue [75Se]selenomethionine (Sethotope, E. R. Squibb & Sons, Princeton, NJ). Normal rats, which served as plasma donors, were exsanguinated under anesthesia 4 h after intravenous injection of 500 gCi
[75Se]selenomethionine. The 75Se-labeled fibronectin from this plasma was isolated by gelatin-Sepharose affinity chromatography (2, 20 Heparin. Heparin USP (porcine intestines, Elkins-Sinn, Inc., Cherry Hill, NJ) was combined with diluted rat plasma to yield a final plasma concentration of 10% containing 10 U/ml of heparin for electroimmunoassay mixing experiments. In the crossed immunoelectrophoresis experiments, 50% rat plasma supplemented with heparin at a concentration of 100 U/ml was used.
Gelatin. Gelatin (USP type A), which is a partial acid hydrolysate of bovine skin, white connective tissue, and bone (pl = 8-9) was commercially purchased (ICN Pharmaceuticals Inc., Covina, CA). It was dissolved in 0.9% NaCl and added to 10% normal plasma for electroimmunoassay mixing experiments at a final concentration of 20 ,g/ml. It was added to 50% rat plasma and used in the crossed immunoelectrophoresis experiments at a final concentration of 100 gg/ml.
Collagen. Rat tendon type I collagen (Calbiochem-Behring Corp., American Hoechst Corp., San Diego, CA) was prepared at 2 mg/ml in 0.5 M acetic acid and 0.9% NaCl and allowed to dissolve until there was no visible particulate collagen. The mixture was diluted with 0.9% NaCl and added to normal plasma for the Laurell electroimmunoassay mixing experiments at a final concentration of 20 ug/ml in 10% rat plasma and 5 mM acetic acid. It was used for crossed immunoelectrophoresis at a final concentration of 100 ug/ml in 50% rat plasma and 25 mM acetic acid.
Gelfiltration
Gel filtration determination of the approximate molecular weight of fibronectin in sham and burn plasma was performed on Sephacryl S-400 using a 1.5 X 100-cm column at a flow rate of 4 ml/h. The buffer consisted of 0.1 M Tris buffer (pH 8.5) containing 5 mM EDTA and 0.15 M NaCl. A 1.5-ml plasma sample was applied to the column and fractions obtained at 30-min intervals. Molecular weight standards consisted of high-molecular-weight gel filtration markers (Pharmacia Fine Chemicals, Piscataway, NJ) in addition to rat albumin. Each fraction.
obtained from the column was monitored for protein content by measuring the absorbance at 280 nm. Immunoreactive plasma fibronectin and isotopic "Se-plasma fibronectin were also assayed in each fraction. Additionally, to test directly if denatured collagen (gelatin) would alter the gel filtration profile of fibronectin, a 1.5-ml aliquot of normal rat plasma supplemented with gelatin at a concentration of 200 ;Lg/ml was also applied to the column and analyzed as above.
Gelatin infusion
The effects of intravenous injection of gelatin on circulating isotopic and immunoassayable fibronectin was undertaken in chronically catheterized rats (n = 3) pulse-labeled with 75Se-fibronectin. 6 h after an intravenous bolus injection of 1.2 ml containing 20 nCi 7"Se-plasma fibronectin the rats were injected with 0.5 ml/100 g body wt of a 0.3% gelatin in 5% dextrose solution (pH 7.0). Arterial blood samples were obtained before gelatin infusion and 2 h after gelatin infusion.
Isotopic techniques
Samples were assayed for 71Se and 1251I activity utilizing a gamma counter with correction for isotope decay (model 4218, Nuclear-Chicago Corp., Des Plaines, IL). In experiments utilizing both "Se and 125i, the overlap of these two energy peaks was corrected.
Recovery analysis for nonadditivity
Studies were also performed to test if the addition of various test solutions to normal fibronectin of known concentration would result in the anticipated recovery of the added antigen as determined by electroimmunoassay. The inability to recover the added antigen by immunoassay was used to demonstrate nonadditivity. The statistical test for nonadditivity (interaction) was based on a modification of the standard twoway analysis of variance (24) as outlined in the Appendix.
Results
Presented in Fig. I is the temporal alteration of plasma fibronectin concentration as measured by electroimmunoassay over 24 h following sublethal burn injury. Minimal alteration in plasma fibronectin was observed in control rats. Burned rats demonstrated a marked diminution of immunoreactive plasma fibronectin from 731±49 lAg/ml (mean±SE) to 112±9 ,jg/ml at 1.5 h postburn, and then increased to 959±48 ug/ml at 24 h.
The hematocrit alterations after burn are also presented and depict early hemoconcentration. To clarify the mechanism of acute plasma fibronectin loss, (%ID/g) and as a percentage of injected dose per total organ labeled plasma fibronectin and labeled albumin were injected (%ID/TO). In the sham group, the loss of 75Se-fibronectin and together into normal rats, and plasma and tissue samples were '251I-albumin from plasma at 2 h postburn was secondary to a obtained for analysis at 2 h after bum. Tables I and II contain redistribution from plasma into extravascular tissue sites located the tissue localization data for 75Se-plasma fibronectin and 125I-primarily in the liver and other tissues (Table II) . After bum albumin, expressed as a percentage of injected dose per gram injury there was an increased loss of both 75Se-fibronectin and '251I-albumin from plasma within the 2-h period. As seen from Table II , the isotopic plasma albumin content of burned rats decreased to 80% of that observed in sham rats at 2 h and the isotopic plasma fibronectin content of burned rats decreased to 67% of that observed in sham rats. After burn, liver uptake of 75Se-plasma fibronectin increased by 95% in spite ofthe marked decline of plasma 75se-fibronectin, implying a selective uptake of the 7"Se-fibronectin by the liver after burn. Specificity was suggested since the hepatic localization of '251-albumin decreased after burn injury. Compared with controls, the burned skin exhibited greatly increased extravascular localization of both '251I-albumin (19-fold) and 75Se-plasma fibronectin (12-fold). Other measured tissues, as a whole, demonstrated less extravascular localization of both albumin and plasma fibronectin after burn compared with controls (Table   II) , perhaps reflecting the decline in circulating label that would alter the gradient for flux into tissues.
The relative 2-h distribution of '251-albumin and 75Se-fibronectin in control and after burn is portrayed in Fig. 2 To test if burn directly produces some altered plasma constituent that interacts with plasma fibronectin, plasma samples were heated to 550C to mimic the temperature measured subcutaneously after a similar burn injury in the rat (22) . Immunoreactive fibronectin concentration in plasma was unchanged by heating to 550C (586±37 [SE] ug/ml normal vs. 582±25 ,tg/ ml heated normal; P = 0.91, t test). In addition, as seen in Table  III , heated plasma behaved additively and did not alter the detection of fibronectin by electroimmunoassay.
Since the burn did not appear to be acting directly on plasma, it must be acting indirectly through the thermally injured skin. This hypothesis was tested using extracts of normal and burned skin. As shown in Table IV , extracts from burned skin, in contrast with extracts from normal skin, altered detection of fibronectin by electroimmunoassay. This suggests that the substance(s) in plasma following burn, which interacts with fibronectin, may liver (twofold), while localization is reduced in plasma and other tissue sites. Therefore, the loss of labeled fibronectin from plasma is accompanied by an increased localization in injured skin and an increased hepatic localization (which appears specific to fibronectin). originate in the burn skin and subsequently appear in the circulation.
We investigated several substances known to interact with fibronectin in an effort to reproduce the blunted, nonadditive response seen in the electroimmunoassay. As seen in Table V , fibrin monomer as well as heparin did not alter the detection of fibronectin by electroimmunoassay. In contrast, gelatin or collagen reproduced the type of blunted immunoreactive response seen with burn plasma.
The crossed immunoelectrophoretic patterns for purified plasma fibronectin as well as the fibronectin in sham plasma or burn plasma are shown in Fig. 4 Gel filtration was performed to elucidate the effective size of fibronectin circulating in burn plasma with emphasis on the possibility that it may be complexed to another species or present in labeled but nonimmunoreactive form. The results using plasma obtained from sham (nonburned) rats at 2 h after injection of "Se-plasma fibronectin are shown in Fig. 6 . The elution profiles of isotopic and antigenic fibronectin are essentially identical in the plasma of these normal rats. However, as seen in Fig. 7 , plasma from rats 2 h after tracer injection and subsequent burn injury revealed that both isotopic and antigenic fibronectin were displaced toward a higher molecular size, exhibiting a broad peak centered at >700 kD. Again, there was no discordance of antigenic and isotopically labeled plasma fibronectin-confirming that the exogenously administered isotopic fibronectin is behaving similarly to the endogenous plasma fibronectin. Thus, there is no evidence to support nonimmunoreactive but labeled fibronectin fragments as the explanation for the observed discrepancy between isotopic and immunoreactive deficiencies after burn (Fig. 3) . Fig. 8 shows the results achieved when normal plasma was supplemented with gelatin. Again, antigenic fibronectin eluted in a broad peak with a molecular mass centered at >700 kD. Thus, gelatin added in vitro to normal plasma produces a higher apparent molecular mass for plasma fibronectin, comparable to that seen in burn plasma, suggesting that a gelatinlike ligand may be released after burn, which complexes with fibronectin in the plasma.
To investigate the in vitro effects of circulating gelatin, rats were injected intravenously with gelatin. Immunoassayable plasma fibronectin levels decreased 8 1% (from 912±60 [SE] ,gg/ ml to 169±27 ug/ml) at 2 h after gelatin infusion. However, the total isotopic fibronectin content in plasma only declined by -50% (58.6±1. 4 [SE] %ID to 28.4±1.0 %ID) within 2 h after gelatin infusion, similar to that observed after burn. The hepatic localization of circulating "Se-fibronectin after gelatin infusion increased acutely 2.5-fold from 8.9 %ID to 31.3 %ID/ TO at 60 min. Therefore, circulating gelatin interacts with plasma fibronectin to initiate the rapid uptake of fibronectin in the liver, perhaps due to an opsonic role for plasma fibronectin in augmenting Kupffer cell uptake of blood-borne collagenous material (1, 3, 15, 17 (n = 5) Extract/normal plasma plus diluent 248±33 Extract/normal plasma plus fibronectin 373±31 <0.01 (535)* Extracts from either normal skin or burned skin were mixed equally with normal plasma and then used in the assay mixture. Extracts from burned skin alone displayed a detectable immunoreactive fibronectin concentration (4.4 Ag/ml±0.5 [SE] ; P < 0.01, unpaired-sample t test), whereas the normal skin extracts did not. Fibronectin used to test additivity was obtained from diluted normal plasma. * Anticipated calculated concentrations appear directly beneath measured concentrations for comparison. 615±18 usg/ml normal plasma plus heparin, P < 0.01). Gelatin alone produced no detectable rocket and when added to normal plasma resulted in a significant fall in apparent fibronectin concentration (503±27 [SE] jsg/ml normal plasma vs. 168±6 Ag/ml normal plasma plus gelatin, P < 0.01). Collagen alone produced no detectable rocket and when mixed with normal plasma resulted in a fall in apparent fibronectin concentration (503±27 [SE] ug/ml normal plasma vs.
153±7 ,g/ml normal plasma plus collagen, P < 0.01). Anticipated calculated concentrations (*) appear directly beneath measured concentrations for comparison.
Discussion
Immunologically measured fibronectin levels appear to be acutely decreased by intravenous infusion of foreign particulate matter, stored blood with microaggregates, and various gelatincoated test particles cleared by the RES (1, 25) . In addition, starvation will rapidly deplete plasma fibronectin (26) , consistent with the concept of a rapid turnover ofthis protein (1, 9) . Severe trauma and burn as well as sepsis postinjury is often associated with plasma fibronectin deficiency (1, 27, 28). Fibronectin deficiency in plasma is also observed with severe disseminated intravascular coagulation (3). The deficiency of fibronectin in plasma after injury is believed to be due to a consumptive depletion as a result of its opsonization of blood-borne microaggregates and collagenous and cytoskeletal "tissue debris." This investigation attempted to put this hypothesis on a more firm experimental basis as well as to delineate the mechanism of plasma fibronectin deficiency after burn.
Several previous studies have documented alterations of plasma fibronectin concentration following burn. Turinsky et al. (29) reported that plasma fibronectin concentrations as measured by electroimmunoassay in rats were elevated from 1 to 7 d after burn. Lanser et al. (13) measured plasma fibronectin levels by electroimmunoassay and plasma opsonic activity by liver slice assay in adult burn patients. They found fibronectin levels and opsonic activity generally paralleled each other with an acute depletion after burn followed by restoration by [1] [2] [3] . . . . , , . , . , , , h Figure 5 . Effects of adding heparin, fibrin, gelatin, and collagen on the crossed immunoelectrophoretic pattern of fibronectin in normal plasma. Heparin and fibrin had no effect but gelatin and collagen reproduced the distinctive crossed pattern for plasma fibronectin from burn plasma. later became septic. Grossman (12) .
In contrast to the numerous studies documenting plasma fibronectin deficiency following burn injury, less emphasis has been placed on the mechanism inducing the fibronectin deficiency. The current study suggests that three factors contribute to the early deficiency of plasma fibronectin following burn.
First, there appears to be a rapid accumulation of plasma fibronectin in the liver following bum injury. Although the precise intrahepatic localization of the label is unknown, plasma fibronectin is known to be removed from the vascular compartment in association with RES clearance of blood-borne test particles (1, 17, 30 Figure 6 . Effect of sham burn on the gel filtration pattern of fibronectin in plasma. Fractions collected from plasma 2 h after sham burn produced three elution profiles: UV absorbance (0); "Seviously shown (9), whereas plasma albumin that enters the skin returns to the plasma compartment. The accumulation of both albumin and fibronectin at the site of thermal injury in skin was clearly distinct from the localization pattern observed in noninjured skin. Several studies have shown increased antigenic fibronectin at areas of inflammation and wound repair (6-8, 30, 31 The third mechanism contributing to the apparent fibronectin deficiency was the existence in plasma early following burn of a gelatinlike ligand that has a high affinity for fibronectin and alters its electrophoretic pattern. Although burn plasma is (34) have demonstrated that burn injury produces a plasma factor appearing early after burn, which can inhibit the ability of serum from rabbits injected with collagen to agglutinate collagen-coated erythrocytes. They were able to extract this inhibitor of hemagglutination from burned rat skin but not normal skin. Thus, this inhibitor ofagglutination, which was speculated to be collagen, may be similar to the gelatinlike ligand detected in burn plasma in the present study. They interpreted this response as an interaction with anticollagen antibodies. However, these anticollagen antibodies, which are naturally occurring, may actually be plasma fibronectin (34) (35) (36) (37) .
Recently, several reports documenting altered forms of plasma fibronectin in various pathological states have appeared. Lohmann and Pott (38) using isoelectric focusing, found an increase in the isoelectric point of plasma fibronectin in patients during septic shock. The reduced anodic electrophoretic mobility of plasma fibronectin acutely following burn is consistent with 31 Plasma Fibronectin Depletion in Burn Our results appear to differ in that the altered crossed immunoelectrophoretic pattern for fibronectin was present in both plasma and serum of burned rats (unpublished data) and that burn plasma, when added to normal plasma, in the absence of free calcium, altered the detection of normal fibronectin by electroimmunoassay (Table III) .
of burn plasma. The peak of antigen detection also occurred at >700 kD. Closed circles (0) denote UV absorbance.
The potential existence of such a factor in burn patients needs to be evaluated, as it may influence phagocytic host defense mechanisms and the extent oftissue incorporation. Recent clinical studies documenting reversal of plasma fibronectin deficiency in trauma and burn patients by intravenous infusion of fresh fibronectin-rich plasma cryoprecipitate (27, 28) emphasize the potential clinical significance of the current observations, especially in view of interpretation of the significance of plasma fibronectin levels as determined by immunoassay before and after replacement therapy.
Thus, acute plasma fibronectin deficiency early after burn is followed by rapid restoration. Multiple factors contribute to this acute deficiency. 
